SECTION I1]

LIFE SUPPORT CELLS

8 GENERAL

[he total program effort for the Life Support Cell resulted in the fabrication of four

)
(

series of experimental hardware cells and 10 prototype PRC batteries.

I'he first series of Life Support Cells fabricated and tested under this program pro-
ided the baseline data representing the state of the art at the beginning of the project.
Improvements were incorporated into other series of Life Support Cells as well as

into both scries of Spacecraft ""A'" and Spacecraft B'" Cells on the basis of the

experience gained and observations made on this first series.

\lthough exploratory development was planned from the outset to improve cells
scheduled Zor subsequent fabrication, the severe polarization experienced with the
(irst serics of Life Support Cells caused the priorities of cell improvement studies
1o shift to the solution of anade passivation, the cause of the severe polarization.
[he second series of Life Support Cells was devoted to the solution of this problem.
I'he third series was then subject to the established test and evaluation program,
but further passivation problems prompted Honeywell to produce and evaluate a
fourth series on their own initiative to provide a better example of the state of the

v rt in accomplishing the goals set forth for this Air Force application. (The entire

yassivation problem is discussed under "Cell Improvement Studies' in this report.)

Ihe final series of Life Support Cells tested under this program aporoached the
ipacity and energy goals set for Air Foroe application to life support equipment

unde r optimum conditions of storage and temperature during discharge testing, They

exhibited a marked improvernent over the baseiine performance ot the first series.

wir performance at low temperature alter high temperature storage, however,

far short of these performance goals, Even under these adverse conditions,
owever., the improvements incorporated into the later series of Life Support Cells

resulted in a marked improvement over the baseline performance.




v

fabrication., and evaluation of the PRC batteries was the result of a

riginal project tasks mutually advantageous to the Air Force and

B, DESIGN AND FABRICATION

e ¢ ross section of the Life Support Cell in Figure 1 and the photograph in Figure

ply to each of the four series of cells fabricated. Many of the cell componeats are
rd Honevwell parts. As Figure 1 shows, the case is 316L stainless steel and

the terminal pin incorporated into the glass-to-metal seal is 52 alloy. After con-

100 the spiral-wrap electrodes in the case, the cover was projection-

lded in place. The cells were built in Honeywell's dry room facility, where the

lative hamidity is maintained below 4 percent. Activation was ac« omplished 1n

closcd svatem, by first evacuating the cell through a hole in the bottem of the
cCas nd then automatically metering the electrolyte into the cell. The final seal
ermetic, ball seal.

r's yeries (Honevwell #G3013)

e hundred cells were built for this series. Table II presents a description oi

‘he comnonent designs. Cathode thicknesses and weights were controlled within
h and at 0.563 (£0.012) gram, respectively. The anodes weighed an
| vm and were capable of providing a capacity of 1.45 ampere-

re such that cell capacity was to be limited by

1 s Lo radle Aesigns we

(1.5M LiAlCls* SOCl,) was prepared using lithium tetrachloro-
inate =alt (7.4 parts per million iron) purchased from Foote Mineral Company.
nd thionvl chloride purchased from Matheson, Coleman & Bell. The SOCI,; had a

1 i ition which may be attributed to impurities suc h as sulifur chlorides.

le, and/or sulfuryl chloride.
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prepa ration, the solution coloration changed from light brown to
) vnd finally to deep purple after an overnight stand. This was attributed to
resence of an organic solvent® in the LiAlCly salt. Salt containing large amounts
reanic solvent appears yellow, compared to the light brown color of material
ie in-house by fusing LiCl and A1Cl;. The capacity delivered from freshly acti-
vated cells using the yellowish salt was severely degraded. Therefore, only LiAlCls

salt prepared "in-house' was used in the electrolyte parparation for later series.

Cat les were made by a slurry process. A mixture of 11.43 grams carboa and
700 cc (approx. ) distilled H,O was stirred gently with an electric mixer until
ispersivn was achieved. Under controlled conditions, 3.2 cc of PTFE::
(T ype tdispersion) was then added. When the mixture became slurry, 0.72 gram
of paper pulp was introduced, and the mixture was stirred at 500 rpm for approxi-
mately 1 minute.
i thades, half of the slurry was poured into a vacuum mold 7-3/4 inches
nches o remove the excess water. A sharkskin filter paper had been placed
the bottom of the mold. An electrode collector grid was then pressed onto the
il the remaining half of the slurry was poured on top. After the
‘ woa b vas again removed and a second sharkskin filter paper had been
placed on top of the molded cathode, the package was sandwiched between two
ape rs and subjected to 25 psi hydraulie pressure to remove most of the
1 Ll
'he cathodes were trimimed to their predetermined dimensions and placed in an air
minutes to burn off the paper pulp and to sinter the cathodes,
2 Second Series (Honeywell #G3013)
H's were built for this series. Table III presents a description of the

] .
COMNIponent aesigns.

Vendor patent pending.

)’;‘ ted ra !"-»‘]N,](‘Ilt'.
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To improve cell performance for this series, the tollowing changes were incor-

| porated:

|

‘ a. Apparent surface area was increased for both the negative and positive

|

: electrodes. This was expected to reduce cathode polarization and the voltage

[l delay associated with passivated anodes.

B

i b. Cathode structures were preparcd by a dry compaction process. The use of

| unsintered cold-pressed cathodes circumvented possible problems with carbon

oxidation in cathodes made by the slurry technique.
0 ; Carbon active sites were increased and electrodes were optimized for thick-
ness. This was expected to improve cell capacity.

The dry compaction process used to prepare the cathodes for this series emploved the
same basic technique described for the slurry process, but paper pulp was not added.
Instead, the carbon-PTFE mix was poured into a vacuum mold to remove the excess
water, placed in a vacuum oven at 300 F, and the resultant dry mix was micronized
and then put into a mold under a pressure of approx. 100 psi. The cathodes were not

| sintered.

|

| 3. Third Scries (Honeywell #G3013C)

!

|

One hundred cells were built for this series. These cells incorporated design

changes developed during laboratory studies on the second series to alleviate scvere

passivation. The most significant differences were net cathode weight, dimensions

of the lithium electrode, and the composition of the electrolyte solution. Table IV

npresents a description of the component designs.

4. frfourth Series (Honeywell «G3013C

Forty cells were built for this series, which was independent of the contract and
aimed at producing cells embodying the best state-of-the art knowledge in Li/SOCH,

1s those used in the third series,

technology, Component designs were the same
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PRC-90 Battery

e 1Y Fhe Hthium, however, was purchased from a diffecent supplier, in
nt 1o overcome the passivation problem which persisted during the third

nd had been traced to the lithium uscd.

C-90 batteries were built based on the Life Support Cell design. A descrip-
the cell design is presented in Table V. The battery contains four series-
ted cells jacketed with ABS plastic., as illustrated in Figure 3. It was designed

. . 2 .
¢r 1.8 ampere-hours and an energy density of 12 watt-hours/in” when dis-

der cycelic loads of 120 mA (30 minutes) and 45 mA (30 minutes).

Project Requirements

s ved by 45 mA for 30 minutes, the two conditions alternating until the
¢ dr wlow &80 percent of the average voltage., Tests were to be conducted
jeritures ranging from =65 F to 165°F following temperature soak for 16
the pecified temperatures.
specified that the cells should be safe to carry on one's person and
lav of no more than 100 meg be achieved. (Voltage delay is the time
] ittain 80 percent of 1t « ge discharge voltage at the start
xternal load. )
1) ) [ests
sl D for the lLafe Support Cells consiste of discharge f\‘h’f].nf_'. storage

. nditions specified for testing Life Support Cells were 120 mA for 30

fety testing.,
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[he discharge tests were performed using the circuit illustrated in rigure 4, two
randomly selected cells being tested at cach of nine different temperatures from
-65°F to 165°F., The cells were subjected to temperature conditioning for 16 hours
inder OCV conditions before testing at the specified temperatures. The discharge
was under constant current conditions starting with a load of 120 mA for 30 minutes,
1lowed immediately by a load of 45 mA for 30 minutes - the cycle being repeated
until the cell voltage falls more than 20 percent below the average voltage level., The
basic raw data collected was (1) cell voltage versus time and (&) the voltage response

it the start of the 120 mA load application on stored cells.

The storage test consisted of storage at 140°F for periods of 1, 2, 5 and 12

months. After storage, randornly selected cells were subjected to discharge testing

tu . ctermine the effects of long-term, high-temperature storage on cell performance.
Five cells each of the first and third series were subjected to short circuit test, and

4

iv o maximum-power testing. All testing of this type was conducted at room
temperature (8 72 F). For short-circuait tests, the resistance value of an ammeter
in the circuit was used to record the short circuit curreat untii the cell was depleted.
1 tempe rature of the case was monitored throughont the test by attaching a
chromel-alumel thermocouple to the case. Dimensional and physical characteristics
of the cell before and after short ¢ircuit were recorded. The maximum power point

s found by determining experimentally the voltage at which the product of cell

1t

oltage and the current is a maximum. The cells were then tested under the [ (max)

ax) condition for maximum power,

0. FTEST RESULTS

I'his section contains the data produced by the regular test program set up in response
to the project requirements. Developmental tests performed in connection with

laboratory studies are reported in the section entitled "Cell Improvement Studies
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he second series of cells were not subject to the test program; therefore they are

not report<d in this section. Cells from the first and third series subjected to
Al

safety tests are reported in a separate subsection below.

k. First Series

Onlyv one fresh cell of the first series was discharged immediately after activation.

The 18 cells that were to provide baseline information for fresh cell performance

it

1t the nine temperatures between -65°F and 165°F showed severe passivation after
being kept at room temperature for only 3 weeks. The discharge history of the one
fresh coll is presented in Figure 5. Figures 6 and 7 illustrate the discharge pertor-

mance of 2 of the 18 cells after storage for 3 weeks at room temperature. Tests

were not run at temperatures below 75 F because of the anode passivation. Table VI

containg a summary of the results of tests on the first series after storage at 3 weeks
at room temperature.
72 cells subjected to high temperature storage

)
[4

' evaluate the performance of the

cells were discharged after 1| month storage. Figure 8 confirms the

severe offects ol passivation,

2 Second Series

Not subiect to test as explained above. (Sec Section entitled ""Cell Improvement

Studies''.)

Fwo fresh cells at cach of nine different temperatures were subjected to discharge
testing. All pertormance data are nreseanted in Table VII. Figures 9, 10, 11. and

12 show the discharge performance of four of the fresh cells at 165°F, 75°F, O°F

. respectively.
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After 1| month storage at 140°F, the third series of cells began to show the effects

of passivation. Heavy polarization precluded test at temperatures below 0 F

Table VIII contains a summary of performance data on all cells tested and Figures
13, 14, and 15 show the discharge history of three of the cells at 75°F, 32°F, and
0°F, respectively. Table IX shows the initial cell voltage response measured during
these tests. Voltage delay characteristics become a consideration as passivation of
the anode occurs during storage. In general, this problem increases at lower dis-
charge test temperatures. Aberrations in this delay data (especially at 0 F) are
probably the result of the limited quality control standards possible in a fabrication

for this kind of program.

After 2 months of storage at 140°F, the cells showed continuing effects of passiva-
tion as shown in Table X. Only those cells shown in the table could be tested.
Table XI presents the cell voltage characteristics for the 2 month tests.

After 5 months of storage at 140°F, useful cell capacity could not be obtained at
temperatures of 50°F or lower. Discharge voltage-time curves of cells at 165°F
and 75°F are shown in Figures 16 and 17, respectively.

After twelve months storage useful capacity could not be obtained at any temperaturec,

4, Fourth Series

Table XII shows a summary of the performance of fresh cells and cells subjected to 2

months storage at 140°F, Tests were performed only at temperatures shown in

this table for the fourth series. Notice that the tests at =20 F after 2 months

storage show some cell capacity - an improvement over the third series which showed
no capacity after two months below 32°F. Discharge curves for fresh cells at 75°F ‘
and -20°F are shown in Figures I8 and |19, respectively, and after two months

storage at 75°F and -20°F in Figures 20 and 21, respectively.
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After five months storage at 140°F, five cells of the fourth series were tested and
exhibited the results shown in Table XIII. Discharge data for the cells tested at

75°F and at 32°F are shown in Figures 22 and 23, respectively.

5. PRC-90 Batteries

The design, fabrication and evaluation of LLi/SOCI1, batteries around the requirement

for the PRC-90 battery was the result of original project task tradeoffs mutually \
advantageous to the Air Force and Honeywell. Specifically, the fabrication and

testing of nine Spacecraft "A'" units were eliminated and the design, fabrication and

testing of ten PRC-90 Li/SOCI; batteries made up of four cells connected in series

were substituted. To accomplish this within the time constraints of the contract,

cell parts already available in-house were modified. Terminal plates containing the
glass-to-metal seal were long lead time order items of which only 43 were available.
Therefore, a total of 43 cells of the size to be used in the PRC-90 battery were

fabricated. During electron beam welding of the terminal vlate to the cell case,

eleven cells were lost because of internal shorting. FEight batteries were made from

the remaining 32 cells.

e eight PRC-90 Li/ﬁ()C]: batteries were tested according to the prescribed life

support loads. Table XIV summarizes their performance and Figures 24 through

28 show their performance at 75, 32, =20, -40, and -65°F, respectively.

6, Safety Testing

Nine cells irom the first series were subject to short circuit and maximum power

tests, the results being tabulated in Tables XV and XVI, respectively.: Representa- y

tive plots of current, temperature, and power versus time curves are shown in
Figures 29 and 30, The rising portion of the power curve in Figure 30 is attributed
to the existing passivating film at the lithium electrode: this anodic film could also

affect the magnitude of the short circuit current values shown in Figure 29, None

1

of the cells exhibited any dimensional change
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One cell of the first series was subject to forced discharging. Using a constant
current of 120 mA or 5 mA/cm?®, the cell was allowed to go into reversal for 24
hours. Figure 31 shows that the cell went into reversal during the initial portion
of discharge - attributed to passivation at the negative electrode. Neither cell

temperature rise nor dimensional change was detected.

Because of the effects resulting from passivation from the first series of cells,
additional safety testing was performed on the third series of cells. Of the four
cells of the third series tested, two were short-circuited and two were force dis-
charged at 1 amp constant current (28 mA/cm*). All the cells were insulated with

asbestos paper and tested at 70°F without adverse incident.

Representative results of the short-circuit and forced-discharge tests are shown
in Figures 32 and 33, respectively. During the short-circuit tests., the current
peaked instantaneously to about 6.8 amp, and the skin temperature of the case

rose to a maximum of +278°F in 5 minutes.

Under forced discharge conditions of | amp constant current (28 mA/cm?®), the maxi-
mum temperature (+216°F) occurred 15 minutes after 0.75 amp-hour had been
withdrawn from the cell. An exponential temperature decay then occurred as

the cell remained at the 1 amp load for one additional hour.

Additional results that are safety related to these Life Support Cells are:

’ Heating of one cell containing 1.5M LiAlCly SOCI; electrolyte
to 600°F did not cause the cell to explode even after maintaining

this temperature for over three hours.

A group of cells were allowed to be discharged over a weekend; one cell
was found to have ejected itself from the plastic sample holder. Burn

spots were noticed near the bottom of the cell and at the bottom of the

sample holder.
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Figure 32,

Short-Circuit Test of a Life Support Cell at 75°F
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E, ANALYSIS OF TEST RESULTS

The first series of Life Support Cells constitutes the baseline performance for
the entire project. The basic chemistry was the same for the three types of cell
considered; thercfore, the first series of both Spacecraft "A'" and Spacecraft '""B"

cells also represent further extensions of this ba seline performance.

Only one fresh cell of the first series was subjected to the regular discharge test,
because of the unexpectedly severe passivation described in the previous section

under Test Results.
(8 Passivation

The poor performance of the first series of Life Support Cells after only three
weeks storage at room temperature was attributed to a passivation film that
developed on the lithium anode. Previous data identified the passivating film to be
predominantly LiCl with trace amounts of S, which was known to develop during high
temperature storage, but was not expected to be as severe during short term storage

at room temperature.

To confirm the occurrence of lithium electrode passivation, the bottom of a cell
from the first series was removed to permit the inonitoring of both the positive and
negative electrode potentials with respect to a lithium reference. The cell bottom
was separated from the lithium reference by a glass separator and tested in a
sealed glass vehicle. The results shown in Figure 34 substantiate that the causc

of cell degradation is anode passivation.

A postmortem on the same cell indicated no signs of corrosion on the 316L stainless
steel collectors, leads, nor at the spot-welded junction between the cathode lead

and the 316L stainless steel can.




d.5. 3® 112D 31oddrg ajry

- e

e

v jo sa8ej[0A 90UDI3JaY pue SaBEJ[OA PEOT OI[2AD ‘H¢ 2an31g
- SINOY ‘awl],
| orar S 0l 0°6 S L 0°9 Sy 0°¢ S°1 0
i : | i — 1 ! ! !
! L3 i R 1 I | T i | 0
| [F01 §
~ O 5
1 =0 -N Muth (o9
W . z
; i vﬁ.)
— 8 -+ 0°¢ M
ADD ~~~1 a
lrlO .¢ el
C
(0 B S 01 0°6 S L 0°9 Sy 0 E el 0 o
i i i 1 | | { =4
H ! T v T T T T 0 &
30 <
spouy —e w S
2 =
—_—T
\ovocumu W.
_ — S == 0 °¢
3SdT 4 ‘prmd 1120
65 *ON 112D 0¥
(utwa g¢) vyw g - (Urua gog) vw 9] +SpEOT]
112D 3toddng o717 1901A9(]
DOS/DOS *IDIVIT NG "1/ rwaysdg

64




At temperatures below 75°F, all cells were given a 5 ohm load in an attempt to
reduce the effect of anode film on cell polarization, but to no avail. Only at cur-
rent densities below 0.1 mA/cm? could a passivated cell be efficiently discharged
as shown in Figure 35. Total cell current was 2.4 mA discharged to a 2.0 volt
cutoff. It delivered 1.24 amp-hours and energy densities of 10,8 watt-hours/in?

and 108 watt-hours/lb.

Two cells of the first series were subjected to discharge at 0.1 mA /cm® after 3.5
months storage at 140°F and still demonstrated efficient performance. One cell
was given a 28.6 ohm (¥ 120 mA at 3.2V) pulse load for 5 seconds after 238 hours
of discharge and the other the same pulse load at various intervals as shown in

Figures 36 and 37, respectively.

As a result of this analysis of the effect of the passivating film on cell performance

the following points can be made:

i The passivation phenomenon does not interfere with the cell chemistry,
because heavily passivated cells did not exhibit significantly reduced capacity

when discharged at a low rate.

b. Passivation adversely affects cell performance in two ways: (1) increased
time delay in reaching acceptable voltage levels at the onset of load applica-
tion and (2) decreased cell capacity at high discharge rates, and at low

temperatures.

o The improved performance after high temperature storage of the third and
fourth series of Life Support Cells shows the effectiveness of the measures
taken to counteract anode passivation during this project; viz. adding 5 per-
cent weight SO, to the electrolyte solution and using a good-quality lithium

and LiAlCls.
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The effects of passivation on cell performance of the first series of Life Support
Cells are considerably reduced in the third and fourth series as demonstrated by
their performance after various durations of storage at high temperature. The
fourth series shows a noticeable improvement over the third series that is due
entirely to decreased passivation because the only difference in cell design and
fabrication is the use of a better grade of lithium in the construction of the anode
for the fourth series. Even after 5 months storage at high temperature, cells of
the fourth series show considerable capacity when discharged at the prescribed

rates.

Cells from the fourth series after 5 months storage at 140°F were discharged at

1 mA/cm? (36 mA) (greater than ten times the discharge rate of the low rate dis-
charge of the first series) and at 2.0 mA/cm?, Their performances are shown

in Figures 38 and 39, respectively. The cells exhibited at least 98% of the capacity

of a fresh cell (nominal 1.60 Ahr).

& Effect of Temperature

The results of discharge testing of cells in all series, both fresh and after high
temperature storage, show a deterioration in performance characteristics at
temperatures below room temperature. The deterioration includes lower cell
capacity and midpoint voltage and longer delays in reaching 80 percent of mid-

point voltage at the start and during a change in the load of a discharging cell,

Data for the third build of cells illustrating the effect of temperature on cell capacity
are shown in Figure 40 and on midpoint voltage in Figure 41. Capacity data as a
function of temperature for the fourth build is shown in Figure 42. The figures

also show performance after storage at high temperature.

e Cell Performance

The optimum performance demonstrated by a Life Support Cell during this project

was that of a fresh cell of the fourth series, which exhibited the following:
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Capacity - 1. 75 Ahr
Energy Density/Vol - 13.5 watt-hours/in’
Energy Density/Wt - 155 watt-hours/1b

These results approach the ultimate performance goals that will be required for
future Air Force application as described in the Statement of Work and even exceed
the goal set for energy density by weight. They further compare favorably with
the best performance of a fresh cell of the first series fabricated to provide base-

line data and representative of the state of the art at the start of the project:

Capacity - 0. 85 Ahr
Energy Density/Vol - 7.1 watt-hours/in’
Energy Density/Wt - 70. 8 watt-hours/1b

These results represent the best performance from ea ch respective series of
fresh cells tested at room temperature. As described above, the performance
deteriorates in cells stored at high temperature and discharged at lower than room
temperature. The test results show, however, that these deteriorating influences
were considerably abated in the later series of cells, that incorporated changes

identified and developed in cell improvement studies carried on during the project.

The discharge time and battery voltage of the PRC-90 batteries, an adaptation of
| the G3013 Life Support Cell, are consistent with the fresh cell data provided by
the Life Support Cells. The battery can operate above 10.0 volts at temperatures
as low as -65°F. The discharge time ranges from about 19 hours at +75 F to §
1.2 hours at -65" F. :
One of the batteries discharged at +75°F exhibited very early voltage drop to 10.0
volts after 2 hours of run time. The cause of this problem was due to an a bnormal
| behavior in one cell. After about 19 hours of run time had pa ssed, this cell exhibited

a voltage of -68 mv at the 120 mA load and -24 mv at the 45 mA load. Deep dis-

charging of this cell did not, however, cause adverse safety hazards.




SECTION 1V

SPACECRAFT CELLS

The Spacecraft Cells consist of two tvpes: Spacecraft "A' - a high power output
cell with a nominal capacity of 200 Ahrs, and Spacecraft "B - a low power output
cell with a nominal capacity of 500 Ahrs. Two series each of these ¢ ¢lls were
built and tested, the first series of cach incorporating improvements based on
studies conducted after the first series of Life Support Cells. The second series

of cells of ecach type exhibited performance characteristics that approached the

goals for capacity and energy output set for Air Force applications,

Elaborate safety precautions were taken in ha ndling and testing the Spacecraft

e

e

cells including the use of the Honeywell Ordnance Proving Ground at Elk River, MN. .

and the remote activation of cells. These measures were taken because lone wellts

in-house experience with cells of this type and familiarity with the literaturc on the

subject dictated that caution be observed with cells of this size a nd electrochemical

system.

The chemistry of the Spacecraft Cells is the same as that developed during laborat

studies on the second series of Life Support Cells

A DESIGN AND FABRICATION

lf Spacecraft ""A'" Cell

The design and fabrication effort for the Spacecraft A" Cell resulted in the produc-
tion of two series of experimental hardware cells. Although the project originally
specified that eac h series was to contain 20 batteries, changing requirements 1 el

radeoffs during the course of the project resulted in the production of two cells in

the first series and nine cells in the second series,

ey

\




Figure 43 shows a representative cross section of the Spacecraft Cells and the

Figure 44 photograph applies to each of the two series of Spacecraft "A'" cells
fabricated. The case and terminal plate were positive and made of 316L stainless
steel. The negative terminal was made of nickel and its isolation was provided by
a glass-to-metal seal using a 316L stainless steel header. This header was then
projection welded to the terminal plate. Final closure of the terminal plate to the

cell case was accomplished using electron beam welding.

The hardware and internal component designs for the first series of Spacecraft "A"

Cells is presented in Table XVII.

This basic design was retained in the second series, except that the number of
cathodes was increased from 26 to 27, thus increasing the total cathode area from
4843 cm?to 5029 ¢cm?., The operating current densities under the Spacecraft "A’

load orofile for this final design are:

50A - 9.9 mA/cm?
30A - 6.0 mA/cm?
25A - 5.0 mA/cm?
16A - 3.2 mA/cm?

2., Spacecraft ''B" Cell

The design and fabrication effort for the Spacecraft "B' Cell resulted in the produc-
tion of two series of experimental hardware cells. As a result of changing require-
ments and priorities during the project, the original requirement for [2 units in
each series was reduced to three units in the first series and nine units in the
second series. A representative cross section of the Spacecraft "B'" Cell, shown

in Figure 38 and the photograph in Figure 40 apply to each of the two series of cells

fabricated.
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Figure 44. Spacecraft ""A'" Cell




